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HIGHLIGHTS 


•  BiOCl  micro-assembles  consisting  of  ultrafine  nanoplates. 

•  Excellent  oxygen  reduction  properties. 

•  Novel  catalyst  for  air  electrode  of  aluminum  air  batteries. 

•  The  electro-catalytic  activity  is  closely  related  to  the  density  of  oxygen  vacancy  on  the  surface  of  the  BiOCl  samples. 

•  A  higher  ratio  of  the  (001 }  facets  in  BiOCl  crystals  is  favorable  for  the  enhancement  of  the  electrocatalytic  activity. 
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BiOCl  micro-assembles  appearing  spherical  and  plate-like  in  shape  consisting  of  ultrafine  nanoplates 
were  successfully  synthesized  by  a  simple  hydrothermal  method.  The  obtained  BiOCl  micro-assembles 
were  characterized  as  oxygen  reduction  reaction  (ORR)  catalyst  for  air  electrode  of  aluminum  air  bat¬ 
teries  by  using  linear  polarization  and  constant-current  discharge  techniques.  The  effect  of  precursor 
concentration  on  the  electrochemical  properties  of  the  air  electrodes  based  on  the  synthesized  BiOCl 
micro-assembles  was  intensively  investigated.  The  results  demonstrated  that  the  BiOCl  catalyst  exhibited 
promising  ORR  performance.  Koutecky— Levich  analysis  indicated  that  a  two-electron  reaction  was 
favored  for  the  ORR  mechanism  of  the  BiOCl  (0.18)  sample. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  has  become  very  urgent  to  develop  safe,  green  and  sustainable 
energy  resources.  One  of  the  most  attractive  clean  energy  resources 
is  metal-air  batteries  due  to  its  several  advantages  including 
abundance  in  resources,  low  emissions  [1,2],  portability,  high 
energy  density,  being  light  weight  3-5],  and  very  low  noise  and 
vibrations  [6,7].  Additionally,  aluminum  possesses  high  energy 
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capacity  (2980  Ah  kg-1)  and  has  a  very  negative  value  of  standard 
electrode  potential  of  -1.66  V  vs.  normal  hydrogen  electrode. 
Furthermore  it  is  low  cost  and  environmentally  friendly.  Thus  Al- 
air  battery  is  a  promising  power  source  and  energy  storage  device 
[8-10].  However  currently,  it  is  still  a  challenge  to  widely 
commercialize  the  Al-air  batteries  [11  ].  One  of  the  critical  obstacles 
is  the  relative  low  power  capability  of  aluminum/air  batteries. 
The  key  approach  to  realize  this  purpose  is  to  create  a  stable  and 
highly  efficient  air  electrode  with  low  over-potential  under  high 
discharge  current  density  12].  Great  efforts  have  been  tried  to 
explore  catalysts  having  high  activity  and  being  economically 
competitive.  The  generally  used  precious  Pt  was  replaced  by  some 
other  inexpensive  catalyst  such  as  Mn02  [13-15],  perovskite  oxides 
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[16],  etc.  Especially,  the  manganese  dioxide  (Mn02)  is  considered  as 
one  of  the  most  efficient  catalyst  for  the  ORR  in  alkaline  medium  to 
replace  the  costive  Pt  catalysts  [17],  due  to  its  environmental 
compatibility,  low  cost,  and  the  high  electrocatalytic  activity.  The 
oxygen  reduction  reaction  (ORR)  is  the  central  procedure  of  the 
cathodic  reaction  in  fuel  cell  or  metal-air  battery.  The  activity  and 
mechanism  by  which  the  ORR  takes  place  in  these  materials  re¬ 
mains  to  be  fully  understood,  even  though  the  mechanism  of  the 
ORR  catalyzed  by  manganese  oxide  has  been  extensively  studied 
[18].  The  studies  have  demonstrated  that  the  ORR  proceeds  on 
Mn02  by  two  main  routes:  one  is  the  complete  four-electron 
reduction  pathway;  another  is  the  hydrogen  peroxide  pathway 
[19-23].  However,  most  of  the  catalysts  reported  in  the  literature 
adopted  a  two-electron  reduction  of  O2  to  produce  H2O2  24-26]. 
Only  a  few  catalysts  have  been  reported  to  achieve  the  four- 
electron  reduction  of  O2  [27],  such  as,  macrocyclic  compounds 
and  biomimetic  materials  [28,29]. 

Bismuth  oxychloride  (BiOCl)  is  generally  considered  as  excellent 
photocatalysts  for  water  splitting  and  degradation  of  organic  con¬ 
taminants  [30-33].  Other  important  applications  can  be  found  in 
pharmaceuticals  [34].  However,  to  the  best  of  our  knowledge,  there 
are  no  reports  on  the  application  of  BiOCl  as  catalyst  for  air  elec¬ 
trode  of  metal  air  batteries.  In  this  article,  we  intensively  investigate 
the  ORR  performance  of  catalyst  based  on  BiOCl  micro-assembles 
consisting  of  ultrafine  nanoplates  for  making  air  cathode.  The 
BiOCl  with  phase-pure  tetragonal  crystal  structure  adopting  a 
micro-assemble  morphology  consisting  of  ultrafine  nanoplates  was 
synthesized  by  hydrothermal  method.  Its  catalytic  performance 
towards  the  ORR  was  evaluated  in  a  home-made  aluminum/air 
battery  model  under  alkaline  conditions.  The  mechanisms  of  oxy¬ 
gen  vacancy  formation  and  functions  in  air  electrode  catalytic  re¬ 
action  were  also  discussed  in  detail. 

2.  Experimental  section 

2.1.  Preparation  of  materials 

The  BiOCl  particles  were  fabricated  by  a  hydrothermal  method. 
In  the  procedure,  stoichiometric  amount  of  NH4CI  was  dissolved  in 
40  mL  of  distilled  water.  BiC\3  was  then  added  slowly  under 
vigorously  stirring.  Sodium  hydroxide  was  then  used  to  adjust  the 
pH  of  the  solution  to  be  3.  The  resultant  suspension  was  stirred  for 
3  h  at  25  °C.  Then  the  mixtures  were  sealed  in  a  100  mL  Teflon-lined 
stainless  steel  autoclave  and  remained  at  180  °C  for  6  h.  After 
naturally  cooling  to  room  temperature,  the  products  were  collected 
by  filtration  and  washed  with  distilled  water  and  ethanol  for 
several  times.  Adding  NH4CI  not  only  provides  Cl-  required  for 
reaction  but  also  decreases  the  pH  value  of  the  reaction  solution  to 
control  the  hydrolysis  rate.  The  reactions  proceeded  in  the 
following  equations: 

Bi3+  +  C1-+2H20— >Bi(OH)2Cl  +  2H+  (1) 

Bi(OH)2Cl  BiOCl  l  +H20  (2) 

Based  on  the  reactions  (1)  and  (2),  if  the  Bi3+  concentration  is 
too  high,  Bi(OH)2Cl  crystals  with  very  broad  particle-size  distribu¬ 
tion  will  be  quickly  formed;  while  if  the  Bi3+  concentration  is  too 
low,  it  might  be  hard  to  get  BiOCl  precipitates.  Consequently,  an 
appropriate  BiC\3  concentration  is  necessary. 

The  flower-like  BiOCl  was  prepared  according  to  the  literature 
procedure  [35].  1.96  g  Bi(N03)3-5H20  and  1.31  g  cetyltrimethyl 
ammonium  chloride  (CTAC)  were  dissolved  in  80  mL  ethylene  glycol 
(EG).  pH  of  the  solution  was  then  adjusted  to  1.0  with  KOH/EG  so¬ 
lution  ( 1.0  M).  The  resulting  solution  was  then  kept  at  160  °C  for  12  h 


in  a  100  mL  Teflon-lined  stainless  autoclave.  In  order  to  avoid  the 
possible  interference  of  organic  species,  the  obtained  powder  was 
irradiated  with  ultraviolet  light  for  2  h  after  careful  washing.  The 
commercial  available  y-Mn02  was  used  as  the  reference  catalyst. 

2.2.  Preparation  of  air  electrode 

The  active  layer  of  air  electrode  was  prepared  by  spraying  a 
mixture  of  5  wt%  polytetrauoro-ethylene  (PTFE)  emulsion,  cata¬ 
lysts,  active  carbon,  acetylene  black,  and  an  appropriate  amount  of 
alcohol.  Firstly,  the  catalysts,  active  carbon  and  acetylene  black,  and 
PTFE  with  the  mass  ratio  of  3.5:3.5:1:2  were  mixed  in  appropriate 
alcohol,  and  then  grinded  in  an  agate  mortar  for  30  min  to  form 
homogeneous  slurry.  Then  this  slurry  was  stirred  at  90  °C  to 
remove  the  alcohol  solvent.  After  the  homogeneous  slurry  turned 
into  paste,  it  was  rolled  until  the  thickness  of  this  layer  was  about 
0.2  mm.  The  air  electrode  consists  of  one  gas  diffusion  layer  (the 
thickness  of  this  layer  was  about  0.2  mm),  Ni-foam  current  col¬ 
lecting  layer  and  one  active  layer.  The  thickness  of  air  electrode  was 
in  the  range  of  0.4-0.6  mm.  Finally,  the  air  electrodes  were  sintered 
at  320  °C  for  30  min  at  muffle  furnace  in  air  atmosphere.  After  this 
sintering  process,  the  PTFE  particles  or  fibrils  could  be  transformed 
into  a  honeycomb  network  of  thin  film.  So,  more  micropores  in  the 
air  electrode  would  be  formed. 

2.3.  Catalysts  characterization 

The  phase  structures  of  the  samples  were  analyzed  by  using  a  D/ 
Max  2500  X-ray  diffractometer  with  a  Cu  Ka  radiation  source  of 
A  =  0.15406  nm,  voltage  of  40  kV,  current  of  250  mA,  and  a  scanning 
rate  of  8.0°  min-1.  N2  adsorption  isotherms  were  recorded  using  a 
V-Sorb  2800P  instrument.  Before  the  measurement,  the  samples 
were  degassed  at  150  °C  for  3  h  under  vacuum.  The  specific  surface 
area  was  calculated  by  using  the  BET  equation  from  the  adsorption 
isotherm.  Morphology  was  examined  by  scanning  electron  micro¬ 
scope  using  a  Hitachi  X650  with  a  voltage  of  20.00  kV.  The  TEM/ 
HRTEM  characterizations  were  carried  out  in  a  JEOL  JEM-2010  (JEOL 
Ltd.,  Tokyo,  Japan)  at  200  kV. 

2.4.  Electrochemical  characterization 

A  three-electrode  cell  was  assembled  for  the  electrochemical 
measurements.  A  galvanostatic  method  was  employed  in  this 
experiment  to  determine  the  cathodic  polarization  curve.  A 
CHI660A  electrochemical  workstation  was  used  with  Hg/HgO  as 
the  reference  electrode,  platinum  electrode  (1  cm  x  1  cm  square)  as 
auxiliary  electrode,  and  air  electrode  as  working  electrode.  The  area 
of  the  air  electrode  was  fixed  at  0.4  cm2.  The  diffusion  layer  was 
exposed  to  air,  the  catalytic  layer  was  in  direct  contact  with  the 
electrolyte  and  a  6  mol  L-1  KOH  aqueous  solution  without  C02 
scrubbing  was  used  as  electrolyte.  The  scanning  potential  was 
ranging  from  0  to  -0.6  V  (vs.  Hg/HgO)  with  a  scanning  rate  of 
0.002  V  s-1.  The  cyclic  voltammograms  were  recorded  in  6  M  KOH 
at  a  scan  rate  of  50  mV  s-1.  A  LAND  battery  testing  system  was  used 
to  measure  the  discharge  curve  using  aluminum  plate  as  the  anode 
and  the  air  electrode  based  on  the  catalysts  as  cathode.  The  area  of 
the  air  electrode  was  0.4  cm2  and  the  current  density  was  varied 
between  50,  100,  and  200  mA  cm-2,  respectively.  Rotating  Disk 
Electrode  (RDE)  voltammetry  was  performed  on  a  MSRX  electrode 
rotator  (Pine  Instrument)  and  recorded  on  the  CHI  700E  potentio- 
stat  at  a  scan  rate  of  10  mV  s-1.  A  catalyst-modified  glassy  carbon 
(GC)  electrode  (5  mm  diameter)  was  used  as  the  working  electrode, 
and  a  Pt  wire  and  a  Hg/HgO  electrode  were  used  as  the  counter  and 
reference  electrodes,  respectively.  0.1  M  KOH  solution  was  used  as 
the  electrolyte. 
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Fig.  1.  Powder  XRD  of  the  BiOCl  with  different  precursor  concentration,  (a)  Flower-like 
BiOCl,  (b)  0.18  M,  (c)  0.06  M,  and  (d)  0.22  M. 

3.  Results  and  discussion 

3.1.  XRD 

The  XRD  pattern  of  the  prepared  BiOCl  is  shown  in  Fig.  1.  We  can 
see  that  all  the  diffractions  can  be  indexed  to  tetragonal  phase  of 
BiOCl  with  a  space  group  of  P4/nmm  (129)  and  lattice  constants  of 
a  =  b  =  3.891  A  and  c  =  7.369  A  according  to  JCPDS  06-0249.  For  the 
BiOCl  micro-assembles,  the  (001),  (002)  and  (003)  diffraction  peaks 


are  sharper  and  stronger  as  compared  with  the  (110)  peak.  It  in¬ 
dicates  that  the  BiOCl  crystals  preferably  grew  along  the  c  axis 
((001)  orientations  perpendicular  to  the  platelets.  No  peaks  of  any 
other  phases  or  impurities  are  observed,  indicating  the  high  purity 
of  the  obtained  products.  While  for  the  flower-like  BiOCl,  the  three 
peaks  of  (001),  (002)  and  (003)  diffraction  are  very  weak  and  the 
(110)  peak  is  relatively  strong.  It  suggests  that  the  flower-like  BiOCl 
particles  favored  to  grow  along  the  (110)  orientations  which  are 
perpendicular  to  the  c  axis,  forming  very  thin  slabs. 

3.2.  SEMandTEM 

Fig.  2  shows  the  scanning  electron  microscope  of  the  BiOCl 
samples.  For  the  BiOCl  micro-assembles,  irrespective  of  the  con¬ 
centration,  mainly  two  kinds  of  particles  showing  the  morphology 
of  micro-sphere  and  micro-plates  were  observed.  And  both  the 
microspheres  and  microplates  were  actually  assembles  comprising 
of  ultrafine  nanoplates.  For  the  sample  with  a  precursor  concen¬ 
tration  of  0.06  M,  in  addition  to  the  micro-plates  and  microspheres, 
there  are  large  amount  of  ultrafine  nanoplate-like  particles  (Fig.  2a). 
When  the  precursor  concentration  was  increased  to  0.18  M,  the 
amount  of  ultrafine  nanoplates  decreased  and  the  micro-plates 
became  more  evident  (Fig.  2b).  The  microspheres  with  a  size  of 
about  2  pm  and  microplates  with  a  size  ranging  from  1  to  10  pm 
dominated  the  samples.  Furthermore,  it  becomes  more  obvious 
that  the  microplates  are  actually  composed  of  very  thin  platelet¬ 
like  nanoparticles  (Fig.  2b).  Noticeably,  after  the  concentration 
was  increased  to  0.22  M,  platelet-like  nanoparticles  with  size  of 
about  100  nm  are  prevailing  the  samples  in  addition  to  a  few  mi¬ 
crospheres  (Fig.  2c).  It  is  clear  that  the  spherical  and  platelet-like 
microparticles  de-assembled  into  ultrafine  nanoplates  at  a  high 
precursor  concentration.  Therefore,  precursor  concentration  has 
profound  effect  on  the  morphology  of  the  BiOCl  product.  Flowever, 
the  as-prepared  flower-like  powder  was  composed  of  numerous 
BiOCl  nanoplates  as  shown  in  Fig.  2d. 


Fig.  2.  SEM  images  of  the  BiOCl  powder  prepared  under  different  precursor  concentration:  (a)  0.06  M,  (b)  0.18  M,  (c)  0.22  M,  and  (d)  flower-like  BiOCl. 
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Fig.  3.  High  resolution  (a)  SEM  and  (b,  c)  TEM  images  of  the  spherical  particles,  (d)  shows  the  corresponding  SAED  pattern. 


Figs.  3a  and  4a  show  the  typical  SEM  image  of  the  BiOCl  (0.18) 
(the  sample  prepared  by  using  0.18  M  BiCh  precursor  concentra¬ 
tion)  microspheres  and  microplatelets,  respectively.  Figs.  3b  and  4b 
show  the  corresponding  HRTEM  image.  It  clearly  demonstrates  that 
both  the  microplatelets  and  microspheres  are  actually  assembled 
from  primary  ultrafine  nanoplates.  In  Fig.  3c,  the  FIRTEM  image  of 
the  fringe  of  spherical  particle  exhibits  good  crystalline  and  clear 
lattice  fringes,  and  visible  lattice  fringes  of  (110)  planes  with  a 
lattice  spacing  of  0.275  nm  were  clearly  observed.  The  HRTEM 
image  of  the  microplate  BiOCl  particles  is  shown  in  Fig.  4c.  Two  sets 
of  lattice  fringes  with  a  lattice  spacing  of  0.275  nm  and  0.267  nm 
are  clearly  observed.  The  HRTEM  image  is  viewed  from  (001)  axis, 
which  is  corresponding  to  the  (110)  planes  of  the  tetragonal  system 


of  BiOCl.  The  corresponding  SAED  patterns  of  primary  single  BiOCl 
nanoplate  and  nanosphere  were  further  examined  and  the  results 
are  shown  in  Figs.  3d  and  4d,  respectively.  The  unique  pattern  of 
diffraction  spots  can  be  indexed  to  the  (110)  and  (200)  plane, 
confirming  its  well-crystallized  single  crystal  nature.  The  HRTEM 
observation  further  confirms  that  both  platelet-like  and  spherical 
particles  are  BiOCl,  which  is  well  according  to  the  aforementioned 
XRD  result.  On  the  basis  of  the  above  structural  information, 
the  percentage  of  highly  reactive  (001)  facets  in  the  BiOCl  (0.06), 
BiOCl  (0.18),  BiOCl  (0.22)  and  flower-like  BiOCl  are  estimated  to  be 
74,  85,  60  and  8.4  wt%,  respectively.  It  is  remarkable  that  the  (001) 
facets  in  BiOCl  (0.18)  constitute  more  than  80  wt%  of  the  total 
surface  area. 


Fig.  4.  High  resolution  (a)  SEM  and  (b,  c)  TEM  images  of  the  platelet  like  particles,  (d)  shows  the  corresponding  SAED  pattern. 
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Fig.  5.  (a)  Polarization  curve  of  the  air  electrode  based  on  the  different  samples;  discharge  curve  of  the  air  electrode  based  on  the  catalyst  with  the  current  density  of  (b) 
50  mA  cm-2,  (c)  100  mA  cm-2,  and  (d)  200  mA  cm-2. 


3.3.  Electrochemical  properties  analysis 

The  cathodic  polarization  curve  is  shown  in  Fig.  5a.  The 
decomposition  potentials  of  the  ORR  (Oxygen  Reduction  Reaction, 
defined  as  the  potential  where  the  responsive  voltammetric  cur¬ 
rent  approaches  1  mA)  of  all  the  samples  are  around  -0.6  V  vs.  Hg / 
HgO.  The  polarization  curves  are  different  from  sample  to  sample. 
The  electrocatalytic  activity  of  BiOCI  (0.18)  is  relatively  better  than 
that  of  the  traditional  Mn02.  Noticeably  the  electrocatalytic  activity 
of  active  carbon  is  inferior  to  those  of  BiOCI  (0.18),  Mn02,  BiOCI 
(0.06),  BiOCI  (0.22)  and  flower-like  BiOCI  (Table  1).  This  phenom¬ 
enon  shows  that  adding  BiOCI  catalyst  can  effectively  improve  the 
electro-chemical  performance.  Therefore,  the  BiOCI  (0.18)  sample 
performs  slightly  better  than  other  samples  as  catalyst  for  air 
electrode  application.  Results  from  Figs.  1  and  5a  indicate  that  the 
BiOCI  (0.18)  crystal  is  highly  (OOl)-oriented.  Therefore,  we  may 
conclude  that  BiOCI  crystals  having  more  (001)  facets  demonstrate 
better  oxygen  reduction  catalytic  activity.  Fig.  5b-d  display  the 
discharge  curves  of  the  air  electrode  loaded  with  the  BiOCI  (0.06, 


Table  1 

Performance  comparison  of  air  cathode  electrodes  at  different  potentials  in 
6  mol  L  1  KOH  solution. 


E  (vs., 
Hg/HgO)/V 

Current  density  (mA  cm  2) 

BiOCI 
(0.06  M) 

BiOCI 
(0.18  M) 

BiOCI 
(0.22  M) 

Flower-like 

BiOCI 

Mn02 

Active 

carbon 

-0.1 

2.36125 

16.525 

3.995 

5.735 

2.07975 

3.465 

-0.2 

49.35 

105.5 

50.025 

57 

32.875 

32.05 

-0.3 

138.35 

217.65 

133.225 

132.4 

114.6 

71.125 

-0.4 

231.875 

332.75 

220 

209.4 

222.825 

114.125 

-0.5 

323.25 

447.25 

310.5 

287 

339.75 

157.85 

-0.6 

417.75 

557 

395 

363 

457.5 

199 

0.18,  and  0.22),  MnCh,  flower-like  BiOCI,  and  active  carbon  samples 
at  different  current  densities  (J  =  50, 100,  and  200  mA  cm-2).  We 
can  see  that  the  discharge  voltage  profile  of  the  aluminum  air 
battery  differs  a  lot  under  different  current  density.  As  can  be  seen 
from  Fig.  5b,  when  the  discharge  current  density  is  50  mA  cm-2,  the 
stable  potential  of  the  air  electrode  with  the  BiOCI  samples  solid 
solution  is  over  1.47  V,  which  is  a  little  higher  than  that  of  Mn02  and 
active  carbon  samples.  Obviously,  with  the  increase  of  current 
density,  the  discharge  voltage  plateau  decreases  accordingly. 
Furthermore,  the  superiority  of  the  electroactivity  properties  of  as- 
prepared  catalysts  is  more  obvious  under  a  higher  current  density 
of  100  mA  cm-2,  as  shown  in  Fig.  5c.  The  electrode  potential  after 
discharging  for  3000  s  is  about  1.4  V,  even  higher  than  that  using 
Mn02  (1.37  V)  and  active  carbon  (1.35  V).  Flowever,  when  the 
discharge  current  density  increases  to  200  mA  cm-2,  the  stable 
potential  of  the  air  electrode  with  the  BiOCI  (0.18)  sample  is  still 
higher  than  that  of  using  Mn02  solid  solution  (1.25  V).  It’s  clear  that 
under  the  same  current  density,  the  BiOCI  (0.18)  sample  exhibits 
relatively  the  highest  working  potential  window  among  all  the 
samples.  And  this  phenomenon  becomes  more  obvious  as  the  in¬ 
crease  of  current  density.  Therefore,  the  electrochemical  perfor¬ 
mance  of  the  BiOCI  (0.18)  sample  is  superior  to  other  samples. 

The  redox  behavior  of  the  BiOCI  (0.18)  was  investigated  by  cyclic 
voltammetry,  and  the  results  are  presented  in  Fig.  6.  The  CV  curve 
exhibits  one  pair  of  cathodic  and  anodic  peaks  under  the  potential 
window  of  -0.2-0.5  V.  One  well-defined  oxidation  peak  was 
centered  at  approximate  -0.05  V  and  one  weak  reduction  peak  was 
located  at  around  0.3  V  in  KOH  solution.  The  CV  patterns  of  the 
BiOCI  (0.18)  sample  obtained  under  the  potential  window  of  -0.2- 
0.5  V  exhibit  electrical  charge  decay  in  the  first  cycle.  This  elec¬ 
trochemical  polarization  may  be  caused  by  slow  charge  transfer 
and  ion  diffusion,  which  is  ascribed  to  the  relatively  large  particle 


42 


J.  Yuan  et  al.  /  Journal  of  Power  Sources  263  (2014)  37-45 


Fig.  6.  Cyclic  voltammograms  obtained  for  BiOCl  (0.18)  electrocatalyst  in  6.0  mol  L  1 
KOH  aqueous  solution  at  50  mV  s-1. 

size  of  as-prepared  BiOCl  material  as  demonstrated  in  SEM  image  of 
Fig.  2.  It  is  likely  that  the  conversion  reaction  refines  the  particle 
size  and  leads  to  the  formation  of  large  fresh  and  active  surface,  an 
effect  which  has  been  observed  for  a  number  of  conversion 
materials. 

The  effects  of  ORR  rate  on  the  polarization  and  discharging 
curves  of  the  air-cathodes  were  quantitatively  evaluated  by  the  EIS 
analysis  through  establishing  and  fitting  a  reliable  equivalent- 
circuit  model.  Typical  EIS  spectra,  measured  at  the  open-circuit 


Qjnt  Qm 


Fig.  7.  Electrochemical  impedance  spectra  measured  at  (a)  (1)  £0cp  and  (2)  -0.3  V  for 
BiOCl  (0.18  M)  in  6  M  KOH.  (b)  The  equivalent-circuit  model  of  BiOCl  (0.18  M)  for 
oxygen  reduction. 


Table  2 

The  best-fitting  values  of  equivalent-circuit  elements  in  Fig.  7b  for  the  impedance 
data  shown  in  Fig.  7a. 


^biased  (V) 

£ocp 

-0.3 

Re  (O  cm2) 

2.213 

2.212 

Qint  (S  cm-2  s"n) 

0.008527 

0.05618 

n  (0  <  n  <  1) 

0.7456 

0.4131 

Rint  (O  cm2) 

4.235 

21.94 

Qm  (S  cirr2  s"n) 

0.002801 

0.008408 

n  (0  <  n  <  1) 

0.7438 

0.8039 

Rm  (Q  cm2) 

0.3485 

0.1661 

W0  (S  cm  2  s— °-5) 

0.8648 

3.816  x  IQ"20 

potential  (E0cp)  and  -0.3  V  on  BiOCl  (0.18),  and  the  correspond¬ 
ing  equivalent-circuit  model  are  shown  in  Fig.  7.  And  the  equivalent 
circuit  for  fitting  EIS  is  also  shown  in  Table  2.  The  analysis  of  Zt  for 
both  air-cathodes  in  the  potential  region  of  interest  is  the  sum  of 
electrolyte,  interfacial  and  charge-transfer  impedances: 

Zt  =  Ze+Zint+Zct  (3) 

Ze  =  Re  is  the  bulk  solution  resistance,  Zint  is  the  interfacial 
impedance  representing  the  overall  ohmic  effects  and  Zct  is  the 
charge-transfer  impedance  illustrating  the  overall  kinetic  effects.  In 
Table  2,  the  bulk  solution  resistance,  Re ,  is  very  low  and  approxi¬ 
mately  independent  of  the  biased  potentials,  which  is  a  function  of 
the  distance  between  the  Luggin  capillary  tip  and  the  cathode.  Rint, 
the  interfacial  resistances  and  cell  components  increases  from 
4.235  to  21.94  Q  with  a  higher  over-potential.  There  are  significant 
changes  of  the  charge-transfer  resistances  Rm,  thereby  suggesting 
that  potential  has  little  impact  on  the  charge-transfer  resistance. 
Noticeably,  the  W0  changed  obviously  under  high  over-potential. 
We  speculate  that  this  effect  significantly  reduces  the  electro¬ 
chemical  charge-transfer  resistance  Rm  and  Warburg  resistance  W0 
of  BiOCl  (0.18  M),  leading  to  considerably  enhancement  of  the  ORR 
rate,  which  is  consistent  with  the  results  from  Fig.  5. 

3.4.  Electrocatalytic  activity  towards  ORR 

Fig.  8  shows  the  typical  ORR  current  densities  as  a  function  of 
rotation  rate  ranging  from  800  to  2500  rpm  in  0.1  M  KOH  solution. 
The  ORR  operates  under  mixed  kinetic-diffusion-controlled  regime 


Fig.  8.  ORR  polarization  curves  of  the  BiOCl  (0.18)  obtained  at  different  rpm  (800  rpm- 
2500  rpm)  in  02-saturated  0.1  M  KOH  and  a  scan  rate  of  10  mV  s_1.  Insets:  Koutecky- 
Levich  plots  at  different  potentials  (-0.55,  -0.65,  and  -0.7  V). 
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Table  3 

Kinetic  parameters  for  catalytic  reduction  of  oxygen  at  BiOCl  (0.18)-modified  glassy 
carbon  (GC)  electrodes  in  02-saturated  0.1  M  KOH  solution. 


E  (vs.,  Hg/HgO)/V 

BiOCl  (0.18) 

I<— L  slopes 

n  (mol) 

-0.55 

3.36 

2.67 

-0.65 

3.22 

2.82 

-0.7 

4.0 

2.30 

in  the  potential  ranges  of  -0.2  to  -0.4  V  and  the  potential  lower 
than  -0.6  V.  In  the  potential  range  of  -0.4  to  -0.6  V,  a  current 
plateau  was  observed,  indicating  the  domination  of  diffusion- 
limiting  regime  [36].  The  Koutecky— Levich  (I<— L)  plots  were  con¬ 
structed  for  potentials  ranging  from  -0.55  V  to  -0.7  V  (inset  of 
Fig.  8  and  Table  3).  These  correlations  are  represented  by  the 
following  equations: 

r1  =  i/71  +  ir1  (4) 

ik  =  uFAkCo2  (5) 

i/  =  0.620nFACO2D^-1/6^/2  (6) 

r1  =  1  /  (tiFAkCq2)  +  1  /(o.620n  FACq^^v-^6^^  (7) 

where  n  (mol-1)  is  the  electron  transfer  number  per  mole  of 
reactive  species,  F  (96,500  C  mol-1)  is  Faraday  constant,  A  (cm2)  is 
electrode  area,  Dq2  (cm2  s-1)  is  the  diffusion  coefficient  of  O2  in 
0.1  M  KOFI  solution  (=1.9  x  10-5  cm2  s-1),  oj  (s-1)  is  rotation  rate,  v 
(cm2  s-1)  is  kinetic  viscosity  of  water  (=0.01  cm2  s-1),  and  Co2 
(mol  cm  3)  is  the  concentration  of  O2  in  0.1  M  KOH  solution  at  25  °C 
(=1.2  x  10-6  mol  cm-3).  The  constant  0.62  is  applied  when  the 


a 


Fig.  9.  (a)  The  unit  cell  of  BiOCl;  (b)  [Bi202]2+  layers  along  with  (001)  direction;  (c)  [Bi202] 
oxygen  species. 


rotation  speed  is  expressed  in  radius  per  second  (rad  s-1).  The 
number  (n)  of  electrons  transferred  on  the  BiOCl  (0.18)  sample 
(Table  3)  was  calculated  to  be  -2.67,  -2.82  and  -2.3  respectively 
(-2.67  for  potential  -0.55  V,  -2.82  for  -0.65  V,  -2.3  for  -0.7  V), 
demonstrating  a  2e-  oxygen  reduction  process  for  the  BiOCl  (0.18) 
sample.  This  is  also  similar  to  the  commercial  carbon  that  is  known 
to  catalyze  ORR  in  a  2e-  process  [37]. 

3.5.  Catalytic  mechanism 

The  BiOCl  crystallizes  in  a  tetrahedron  structure  as  displayed  in 
Fig.  9a,  which  can  be  derived  from  the  fluorite  (CaF2)  structure  [38]. 
The  unit  cell  is  eight-coordinated,  each  Bi  atom  connecting  to  four  O 
atoms  and  four  Cl  atoms  in  the  form  of  an  asymmetric  decahedron 
constitutes.  As  shown  in  Fig.  9b  and  c,  bismuth  oxychloride  has  a 
layered  structure  consisting  of  [Bi202]2+  layers  sandwiched  be¬ 
tween  two  slabs  of  chloride  ions  [39].  The  [BiOCl]  layers  are  stacked 
together  by  the  van  der  Waals  forces  through  the  Cl  atoms  along  the 
c-axis.  As  well  known,  the  point  defects  are  very  important  for 
catalysis.  Point  defect  is  cationic  and  anionic  vacancies  (oxygen 
vacancy).  The  catalytic  properties  are  closely  related  to  the  vacancy 
concentration  [40].  The  types  and  quantities  of  defects  in  the 
semiconductors  strongly  affect  their  catalytic  properties.  As  shown 
in  Fig.  9d,  oxygen  species  prefer  to  adsorb  (a-oxygen)  on  the  oxygen 
vacancy  of  the  crystal  plains,  which  is  a  kind  of  reactive  oxygen 
species.  BiOCl  exposed  with  (001)  facets  have  very  good  ability  of 
oxygen  storage  and  oxygen  release  for  its  abundant  oxygen  va¬ 
cancies  [38,41,42]. 

In  the  alkaline  electrolyte,  the  electrochemical  oxygen  reduction 
reaction  procedure  can  be  mainly  divided  into  two  categories:  one 
is  a  direct  two-electron  transfer  process  through  the  formation  of 
HO2  ions  (or  H202)  as  intermediate;  another  is  a  four-electron 
transfer  process  [43].  Generally,  the  ORR  in  alkaline  media  (with 
complete  four-electron  reduction)  proceeds  as  follows: 


CV 

•  O  vacancy 


layers  along  with  (010)  direction;  (d)  oxygen  vacancy  adsorb  oxygen  to  form  reactive 
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02  +  2H20  +  4e~  -^40H"  (8) 

While  the  two-electron  procedure  is  as  follows: 

02  +  H20  +  2e“  -►  H02  +  OH”  (9) 

H02  ^l/202+0H-  (10) 

In  both  cases,  the  adsorption  of  molecular  oxygen  onto  the 
active  sites  is  the  critical  step  during  the  reduction  procedure.  The 
ORR  activation  at  a  high  discharge  current  density  is  considerably 
limited  by  the  sluggish  migration  of  molecular  oxygen  to  active 
surface  sites  [44]. 

The  real  reaction  mechanism  of  air  electrode  ORR  is  very 
complicated.  In  this  work,  according  to  Fig.  8  and  Table  3,  the  ox¬ 
ygen  reduction  reaction  of  the  current  air  electrode  based  on  BiOCl 
adopts  a  2-electron  transfer  process.  So  the  formation  of  H02  (or 
H202)  (based  on  the  reaction  (9))  is  the  critical  step  during  the 
electrocatalytic  reaction.  Generally  speaking,  the  catalytic  activity  is 
largely  determined  by  the  capability  of  adsorbing  oxygen  species 
on  the  surfaces  of  the  catalysts,  which  is  in  turn  considerably 
affected  by  the  oxygen  vacancy  of  the  crystals.  That  is,  the  inter¬ 
mediate  H02  species  formed  through  the  oxygen  vacancies  pro¬ 
mote  the  decomposition  of  02  on  the  active  sites  of  BiOCl.  The 
higher  the  percentage  of  oxygen  vacancy,  the  higher  the  catalytic 
activity  of  bismuth  oxychloride  would  be.  Therefore,  high  oxygen 
atom  density  in  (001 )  facets  is  considered  the  fundamental  cause  of 
the  increase  of  the  oxygen  vacancies  in  the  crystal  lattice  [38].  So, 
the  (001)  facets  of  bismuth  oxychloride  was  believed  to  be  a  major 
factor  for  H02  species  formation.  Interestingly,  the  flower-like 
BiOCl  has  a  high  surface  area  of  35.91  m2  g_1,  which  was  much 
higher  than  that  of  the  as-prepared  BiOCl  (0.06)  (2.8  m2  g_1),  BiOCl 
(0.18)  (2.7  m2  g-1)  and  BiOCl  (0.22)  (1.7  m2  g_1)  (Table  4).  As  well- 
known,  the  catalyst’s  particle  size  has  profound  effect  on  its  cata¬ 
lytic  properties.  In  addition  to  particle  size,  many  factors  may  affect 
the  catalytic  performance,  for  example,  the  exposed  crystal  planes 
of  the  catalysts.  In  this  study,  the  size  of  the  BiOCl  is  very  large,  and 
the  Brunauer-Emmett-Teller  specific  surface  area  (less  than 
3  m2  g_1)  is  very  small  as  compared  with  the  nanosized  flower-like 
BiOCl  (35.91  m2  g_1).  But  the  results  as  shown  in  Fig.  5  indicate  that 
the  catalytic  activity  of  present  BiOCl  is  much  better  than  that  of  the 
flower-like  BiOCl  sample.  It  reveals  that  the  key  factors  influencing 
the  catalytic  performance  could  be  the  highly  reactive  (001)  facets. 
As  deduced  from  the  XRD  and  TEM  results,  the  percentage  of 
exposed  (001)  plane  of  the  BiOCl  (0.18)  sample  is  approximately 
80  wt%,  a  value  much  higher  than  that  of  the  nanosized  flower-like 
BiOCl  sample  ( -  8  wt%).  This  might  be  the  principle  reason  leading 
to  the  high  electrocatalytic  properties  of  the  BiOCl  catalysts  pre¬ 
pared  in  the  current  experiment. 

4.  Conclusion 

In  summary,  BiOCl  micro-assembles  adopting  a  spherical  and 
platelet-like  morphology  were  successful  prepared  by  a  facile  hy¬ 
drothermal  method.  The  micro-assembles  were  actually  composed 
of  ultrathin  nanoplates.  The  as-synthesized  BiOCl  micro-assembles 
were  intensively  examined  as  catalyst  for  air  electrode  of  Al-air 
batteries.  The  results  showed  that  the  electro-catalytic  properties 
are  highly  dependent  on  the  precursor  concentration.  The  BiOCl 


Table  4 

The  Brunauer— Emmett— Teller  surface  areas  of  the  prepared  BiOCl  catalysts. 


BiOCl  (0.06) 

BiOCl  (0.18) 

BiOCl  (0.22) 

y-Mn02  Flower-like  BiOCl 

m2  g-1  2.8 

2.7 

1.7 

28  36.0 

(0.18)  exhibited  superior  electro-catalytic  property  as  compared 
with  other  samples.  The  oxygen  reduction  reaction  of  the  BiOCl 
catalysts  proceeds  via  a  2-electron  transfer  process.  The  electro¬ 
catalytic  activity  is  closely  related  to  the  density  of  oxygen  va¬ 
cancy  on  the  surface  of  the  BiOCl  samples. 
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